INTRODUCTION
The constraint of constant volume for a contracting muscle cell implies a radial expansion that occurs during axial shortening will lead to increases in the radial spacing of the lattice of myofilaments. That change in filament spacing, in turn, can have a profound effect on the attachment rate of crossbridges [1] . At the same time, cross-bridges attaching to thin filaments and generating axial (longitudinal) forces and may simultaneously restrict the extent to which the filament lattice can expand or contract in the radial direction as muscle shortens. This leads to an unexplored interaction between force generation, muscle shortening, and radial changes in the geometry of the contractile machinery. While the current evidence suggests lattice spacing changes are small in intact muscle fibers, data were derived from very small strains in the flight muscles of Drosophila [2] . In other animals, much larger muscle strains accompany movement. As such we examined radial changes in the lattice of the flight muscle of the hawk-moth Manduca sexta. We used high speed time resolved X-ray diffraction to directly measure the time course of changes in filament spacing as a function both the length of muscle and the timing of activation.
METHODS
To examine the interaction between muscle activation, axial strain, and myofilament radial spacing, we adapted a work-loop apparatus for simultaneous measurement of force, electrical activation, and length [3] . Intact flight muscle was subject to 25 Hz sinusoidal length changes with phase-controlled electrical stimulation and placed in the direct line of the x-ray source of the Synchrotron at the Argonne National Labs. A shutter synced to the stimulus allowing permitting 5 images per cycle for 100 cycles. Images were phase averaged and the location of intensity peaks permitted direct calculation of myofilament spacing. Under the constant volume assumption, our null hypothesis is that myofilament spacing would increase in inverse proportion to the square root of the length.
RESULTS and DISCUSSION
The predicted changes in myofilament spacing (the d 10 spacing) depended slightly on phase of activation because of the interaction between muscle force and the motor controlling muscle length. Interestingly, the measured lattice spacing (1) strongly reflected activation timing and (2) varied considerably during the cycle of shortening and lengthening and (3) did not follow the pattern predicted by a constant volume assumption.
Three key issues arise from these data. (1) Large changes in lattice spacing suggest that models of cross-bridge force generation should consider radial separation of thick and thin filaments; (2) cross-bridges may restrict the expansion of the filament lattice and may experience considerable radial force; and (3) the mismatch between measured and predicted radial motions of myofilaments indicates that there is fluid movement between subcellular compartments that has not been considered in the mechanics and energetics of force generation by muscle. Finally, radial tensions may play a key role in elastic energy storage for insect flight.
